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Abstract. 2,5-Disubstituted-1,3,4-oxadiazoles emerged as compounds with great utility in the field of
medicinal and materials chemistry. Research in the chemistry of the oxadiazole derivatives has developed
with the evolution of each application area and the need of target molecules with specific properties. We
describe herein a survey of literature over the recent progress in synthesis of 1,3,4-oxadiazoles, their
incorporation in bioactive molecules or functional scaffolds for preparation of materials.
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1. Introduction

Oxadiazoles constitute a class of heterocyclic organic compounds that attracted attention due to their
multiple applications in medicinal and materials chemistry. Except the 1,2,3-oxadiazole, which is unstable,*
the isomeric oxadiazole-based (1,2,4-, 1,2,5-, 1,3,4-) moieties can be encountered in molecules acting as
drugs on the market or in final clinical trials (Scheme 1, i.e. compound 1 named raltegravir’ is an
antiretroviral drug against HIV, while compound 2, named ataluren is a good candidate for treatment of
cystic fibrosis®), suitable materials [Scheme 1, i.e. compound 3*, for construction of Organic Light Emitting
Diodes (OLEDs)]® or highly energetic materials® (Scheme 1, i.e. compounds of type 4 in the form of salts),
just to name a few applications.

The 1,3,4-oxadiazole-derivatives are the most stable among the oxadiazole isomers’ and have attracted
most in the form of small-molecule or polymers, mainly for construction of OLEDs® and synthesis and
investigation of biologically complex active molecules.® There are numerous other applications (vide infra)
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that use some structural particularities and, hence, the appropriate properties of these heterocyclic
compounds. All these prompted research of convenient synthetic procedures to make available complex
molecules designed to display certain properties. Thus, the synthetic chemistry of the 1,3,4-oxadiazole
heterocycles developed simultaneously with the particular evolution of each area that used these type of

molecules.
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We describe herein the main synthetic approaches of the 1,3,4-oxadiazoles and congeners highlighting
the structures that found utility in medicinal and biological chemistry as well as in materials sciences as
molecules mainly acting as liquid crystals, ligands for metal-ions or displaying electron-transporting and
hole blocking behaviours in OLEDs. The literature covering the 1,3,4-oxadiazole compounds is very vast
and an exhaustive description of all their synthetic methods and applications exceeds the limits imposed for
such a review. We will concentrate, thus, on the 2,5-diaryl-1,3,4-oxadiazoles and present the recent
achievements in their synthesis and applications.

2. Synthesis of the 1,3,4-oxadiazole compounds

The synthetic approaches of the 2,5-disubstituted-1,3,4-oxadiazoles (Scheme 2) may involve: i) ring
closure under dehydrative or oxidative conditions of acyclic precursors containing the required atoms in
appropriate positions (N,N'-diacylhydrazines and N-acylhydrazones), leading to oxadiazole bearing a wide
variety of 2- and/or 5-substituents; ii) Huisgen reactions of tetrazoles and acid chlorides; iii) reactions of 2-
substituted-1,3,4-oxadiazoles, usually under transition metal catalysis; iv) one pot procedures involving
compounds bearing nitrogen atoms (i.e. hydrazides) and another reagent that constitutes the 5-substituent
source (i.e. carboxylic acid, CS; as sulfur source for synthesis of 1,3,4-oxadiazole-2-thiones, isothiocyanates
for synthesis of amino derivatives etc.).

The alkyl-substituted-1,3,4-oxadiazoles are less encountered compared to their (het)aryl counterparts.
Therefore, we will refer mainly to synthesis of the (het)aryl containing compounds and clearly specify when
efficient procedures were reported for the preparation of the alkyl derivatives. 2-Het(aryl)-1,3,4-oxadiazoles
may be readily available from reaction of the hydrazides (Scheme 3) with orthoesters,’
styrene/phenylacetylene,”® methylketones' but also starting from the carboxylic acids (Scheme 3) in
reaction with (N-isocyanimino)triphenylphosphorane.’> The convenient synthesis of these compounds
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recently made them suitable reagents for further functionalization through the C-H bond by use of metal-
catalysed cross-coupling reactions (Scheme 3).
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Thus, oxadiazoles substituted with alkynyl, alkenyl and benzyl were reported to have been
synthesized, under palladium, nickel or copper catalysis, using a variety of alkynylating compounds (i.e.
alkynes,™® copper acetylides,* bromoalkynes®® or gem-dibromoalkenes'®), p-halostyrenes’’ and N-tosyl
hydrazones'® or benzyl carbonate,’® respectively. The C-H bond in the oxadiazole structure is susceptible to
substitution with halogen atoms (bromine®® and iodine) or trimethylsilyl group® that are also known to

undergo cross-coupling reactions. 2%
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Scheme 3

Arylation of 2-substituted-1,3,4-oxadiazoles using various iodobenzene derivatives,?® boronic acids,?*
polyfluoroarenes® in presence of transition metal-catalysts constitutes other preparation methods that have
been recently developed.

2-Amino-5-(het)aryl-1,3,4-oxadiazoles (Scheme 4) may be prepared from isothiocyanates and
hydrazides or preformed acylthiosemicarbazides, by cyclisation with mild reagents such as carbodiimides,
1,3-dibromo-5,5-dimethylhydantoin/KI,%” tosyl chloride/pyridine,?® uronium coupling reagents {i.e. TBTU
[(O-(Benzotriazol-1-y1)-N,N,N',N"-tetramethyluronium tetrafluoro borate)]}.2°

The sulfur-containing-1,3,4-oxadiazoles (Scheme 5) may be conveniently synthesized starting from the
hydrazides using CS, as sulfur source,®® leading to thiones which can subsequently be converted into
methyl,*! benzyl®? or phenyl* thioethers.
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Among the oxadiazole-containing compounds, the 2,5-diaryl-1,3,4-oxadiazoles have attracted most,
and numerous synthetic procedures have been reported and reviewed.® 3 The most encountered precursors
of the heterocyclic core are N,N'-diacylhydrazines, N-acylhydrazones or tetrazoles (Scheme 2), which
furnish under variable conditions the target products.

For instance, the dehydrative cyclisation of the N,N'-diacylhydrazines has been reported to occur under
the action of POCIs,* SOCI,,* zirconium(1V) chloride,*” Tf,0®® or [Et,NSF.]BF4,* while the oxidative
cyclisation of the N-acylhydrazone can be usually performed using milder reaction conditions by use of
cerium ammonium nitrate (CAN),** lead(IV) tetracetate,** acetic anhydride,** Cu(OTf).,*® hypervalent
iodine reagents* such as phenyliodine(111) diacetate (PIDA), bis(trifluoroacetoxy)iodobenzene (PIFA)* or
Dess-Martin reagent'” and, more recently, molecular iodine.”® The harsh conditions required by the
dehydrative cyclisation are the major drawbacks that led to increase in the number of the oxidative
cyclisation reagents. In addition, the N-acylhydrazones constitute more versatile precursors to furnish non-
symmetrical oxadiazoles derivatives useful for various applications.*®

Moreover, in an effort to simplify the preparation of the heterocyclic compounds, one pot procedures
have been developed. Selected examples include reaction of carboxylic acids and hydrazides,*® aryl
tetrazoles and aldehydes® or iodobenzene,® aryliodides and hydrazides,?® N*(arylmethyl)hydrazides or 1-
(arylmethyl)-2-(arylmethylene)hydrazines™ or aldazines® with hypervalent iodine reagents.

The Huisgen reactions between tetrazoles and acid chlorides® have also been frequently reported for
the synthesis of 2,5-diaryl-1,3,4-oxadiazoles. A recent report shows the action of triflic anhydride over
tetrazole to yield trifluoromethyl-substituted-bis-oxadiazoles.*’

Summarizing, the synthetic methodology of the oxadiazole congeners has been extensively
investigated and a wide variety of simple and efficient procedures are available for their preparation,
according to the structural demands of the applications that are further presented.

3. Applications of the 1,3,4-oxadiazole derivatives
3.1. Medicinal chemistry

A plethora of literature is currently available for the use of 1,3,4-oxadiazole scaffold embedded in
potentially active biological molecules.® Apart from the HIV antiviral raltegravir’ 1 on the market (Scheme
1), compound 5 (Scheme 6) was synthesized and investigated as a hepatitis B virus (HBV) inhibitor®®
yielding an ECsp value of 1.63 pmol/L. Very recently,* structure 6 (Scheme 6) was found to inhibit hepatitis
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C virus (HCV) GT-1b replicon with EC5,=0.039 nM, as a result of a detailed QSAR study which carefully
optimised the substituents around the oxadiazole heterocyclic core.

Molecules able to act as anticancer agents have been investigated to a greater extent and a
comprehensive review concerning this matter has been recently made available.®® The most prominent
molecule is zibotentan® 7 (Scheme 7), which is currently in an advanced phase of the clinical trials. Various
amino and thioorganic derivatives of the oxadiazoles are among the most encountered types of compounds
that were thoroughly screened and showed promising in vitro activity, in micromolar to nanomolar range, for
inhibition of the cancer cell lines. Examples of such compounds are numerous and we selected compounds
851 and 9%2 (Scheme 7) for demonstration purposes. Moreover, compounds of type 10% substituted with
various (het)aromatic moieties were screened as Tubulin Polymerization inhibitors. Among them, the 3,4,5-
trimethoxyphenyl derivative was found lead compound with 1Cs values down to 0.118 uM.
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Efficient inhibitors for various enzymes of interest based on the 1,3,4-oxadiazole scaffold have also
been reported. For example, 2,5-diaryl-1,3,4-oxadiazoles of type 11 and 12 (Scheme 8) have been recently
found to perform as competitive inhibitors against cathepsins B, L and H, respectively, with inhibition
constants in the range 107-10° M.% Further, compound 13 was proved to selectively inhibit cathepsin K, &
by modifying the binding moieties around the heterocyclic core until the inhibition was achieved in the
submolar range. Compound 14 was assayed to display an ICsy of 2.18 pM against tyrosinase® and
compound 15, bearing symmetrical 3-pyridyl moieties displayed an 1Cso of 37 UM against thymidine
phosphorylase.®’

Moreover, starting from the commercially available GKS3B-11, known as efficient glycogen synthase
kinase 3f inhibitor,?® structures 16 and 17 (Scheme 8) were found to significantly reduce the level of
superoxide dismutase (SOD1) expression up to 47-50% using a concentration of 10 uM.* The oxadiazole
based compounds such as 18,"° 19 and 20™* (Scheme 8) were also found to perform well (ICs; in the
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micromolar range) in assays against cyclooxygenase-2 enzyme (COX-2), known to be responsible in
inflammation processes. Other studies worth mentioning involving the oxadiazole core were based on their
amide isoster profile and included interaction with fatty acid amide hydrolase™ or investigation of their
lipophilicity” and the consequences over the biological effects.
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Along the years, the 1,3,4-oxadiazole derivatives have been widely tested and reported to have a good
behaviour as antimicrobial agents and antifungal agents, having a wide range of substituents on the
heterocyclic core and these have been reviewed in detail.® Recent reports pointed out new structures
efficient in the fight with bacteria that produces tuberculosis (compound 21 in Scheme 9)" or able to inhibit
pyruvate dehydrogenase complex E1 in E. coli (ICso 0.97uM) or cyanobacteria (EC5,=0.83 uM), such as
compound 22 (Scheme 9). Indole-based 1,3,4-oxadiazoles like 23 and 24 (Scheme 9) are examples of
compounds assayed for their antifungal properties,” while sila-substituted 1,3,4-oxadiazoles™ of type 25
were screened for the antiallergic activity both in vitro and in vivo, yielding good results in reference to
diphenylhydramine, an anti-histamine drug.
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Thus, as one can see, the pharmacological profile of the oxadiazole containing compounds has been
thoroughly screened, proved to be very vast and molecules with simple or more complicated structures were
designed, synthesized and assayed. Optimisation of the structural particularities are continuously performed
in order to ensure a perfect match with the biological targets and, consequently, we expect a further
development of the oxadiazole research area.

3.2. Materials chemistry

The increasing interest in preparation of various organic materials combined with good thermal and
luminescent behaviour as well as the electron mobility ability of the 1,3,4-oxadiazole core made these
heterocyclic derivatives good candidates for applications in construction of the optoelectronic devices as
well as chemosensors for various metal-ions, construction of coordination polymers or liquid crystals. We
will further describe examples and the latest achievements in these fields of the 1,3,4-oxadiazole
compounds.

3.2.1. Organic-Light Emitting Diodes

The light emission in organic-light emitting diodes (OLEDs) can be achieved through use of
conventional fluorescent, phosphorescent or thermally-activated delayed fluorescent (TDAF) based
materials.”” The emission of light in the fluorescent materials is due to the relaxation of the electrically
excited singlet molecules and suffer from a low internal quantum efficiency of about 25% that is the
statistically percentage of the singlet excitons. This limitation was overcome by development of
phosphorescent materials that are able to harvest the triplet excitons (75%), thus allowing achievement of a
higher internal quantum efficiency (100%, due to the mixed effect of the singlet and triplet excitons). This
can be accomplished by use of heavy metal complexes of Ir(111), Os(Il) or Pt(ll) as emissive materials from
the triplet state at room temperature, which, nonetheless, make the devices disadvantageous, due to the high
cost of the metals. Discovery of TADF based materials is a recent breakthrough™ which facilitates the
reverse intersystem crossing of the triplet excitons to singlet excitons by heating, providing thus the
harvesting of both excitons, without use of a metal. The improvement of the OLEDs efficiency occurred
concomitantly with the evolution of the technological approaches for their construction, either as single or
multi layered architectures,”® which is based on a certain type of small-molecule or polymeric materials (for
any of the hole injection, hole transporting, electron injection, electron transporting, emissive layers etc.) as
well as on more complex structures that contain both electron-donor and acceptor moieties (also known as
ambipolar molecules or donor-acceptor molecules). In addition, the vacuum deposition techniques are
slowly being replaced by recent solution processed procedures, which benefit from a reduced cost for
fabrication.®

Since report of the first oxadiazole* compound (3, Scheme 1) acting as electron-transporting material
for OLEDs, there was an increasing interest® to find more and more new such molecules containing this
heterocyclic core providing better thermal, luminescent, electron transporting or hole blocking abilities that
could play the role and meet the requirements of the above mentioned features to construct efficient
optoelectronic devices.
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For example, compound 26 (Scheme 10) was among the first small-molecules bearing more than one
1,3,4-oxadiazole unit to be considered in studies for construction of fluorescent devices at a time when these
studies were incipient.2” Compounds of type 27 were similar early examples of fluorescent molecules that
yielded modest results, but had contributed to the development of the field.®? Polymers® such as 28 (Scheme
10), as well as copolyfluorene polymers® containing variable amounts of oxadiazole, anthracene or
anthracene/carbazole units were also synthesized and tested for their electroluminescent behaviour to yield
blue light electronic devices. Recently, molecules with bulky or sterically hindered substituents (compound
29, Scheme 10) were found to improve the blue colour of the assayed electroluminescent devices.?®

Small molecules 30-34 depicted in Scheme 11 are several examples of derivatives that were designed,
synthesized and investigated for applications as electron transporting molecules for phosphorescent devices.
Compounds such as 30 and 31 were used for preparation of red, green and blue phosphorescent devices with
external quantum efficiencies higher than 25%, as well as with good current and power efficiencies.®
Similarly, compound 32 was reported to properly behave in construction of highly efficient monochromatic
(blue, red and yellow) and white hybrid organic-inorganic phosphorescent LEDs, with high maximum
external quantum efficiencies for the monochromatic devices as well as good luminance and power

efficiencies for the white devices.®’
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The highly twisted 33 (Scheme 11) was also found to perform well as electron transport host for the
Ir(ppy)s emitter in phosphorescent OLEDs, due to good spectral matching with the absorption spectra of the
iridium complex.?® Silane-based-oxadiazoles 34 have also been recently developed as efficient materials for
phosphorescent OLEDs with very good thermal properties.®

Bipolar small molecules have increasingly attracted due to the advantages brought by the presence of
electron donor and acceptor units, and consequently, balanced electrons and holes fluxes that provide a
greater probability of charge recombination and high triplet energies which are required for
electroluminescence applications.”® Thus, donor-acceptor molecules (Scheme 12) bearing an oxadiazole
moiety as electron acceptor and various triarylamine-** (compound 35), carbazole-** (compound 36),
spirobifluorene-,* (compounds of type 37) anthracene-/fluorene-** (compounds of type 38), or bithiophene-
% (compound 39) derived subunits, as electron donor units were embedded in the same skeleton and yielded
good results for construction of a wide range of phosphorescent OLEDs.

Scheme 12

Recently,®® Ir(111) complexes 40 bearing the oxadiazole-substituted amide ligand or complex 41
(Scheme 13) were tested and provided good results in construction of green phosphorescent devices, while
the cationic iridium(ll1) complexes 42 and 43 (Scheme 13) were used to prepare yellow and red
electroluminescent efficient devices.®’

Polymer LEDs® are advantageous to built single layer devices and such macromolecules containing
the oxadiazole ring, combined with electron-donor moieties have been synthesized and studied. Recent
examples include red® phosphorescent OLEDs based on fluorene/oxadiazole copolymers containing a side-
chain Ir(111) complex, copolymers of carbazole and methacrylate derived monomers functionalized with
pendent oxadiazole moieties'® or green'® phosphorescent OLEDs based on carbazole/oxadiazole
copolymers.

Thermally-activated delayed fluorescence based molecules containing an oxadiazole core (acceptor -
A) and a suitable electron-donor moiety such as phenoxazine (donor-D)'% were developed in a D-A or D-A-
D configuration (compounds 44 and 45, Scheme 14) and yielded superior results to those obtained by
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conventional fluorescent materials. In spite of their superior properties, such TADF-based materials are still
challenging and only few reported, therefore, we expect a development of the area for the future.
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White light emission has been a subject of deep investigation in the field of optoelectronic devices. It
requires mixture of either primary colours (red, green, blue) or complementary colours (i.e. orange and
blue).'® As a result, adequate combination of materials and configuration of the devices must be performed
in order to emit the white light. Thus, molecules such as 46, and 47'% have been recently reported to
perform well in white emitting devices, having been designed also as donor-acceptor structures. Copolymers
containing fluorene and oxadiazole moieties have also been found useful for white electrochemical cells.'*

The difficulties dealing with the fabrication technology by the vacuum deposition prompted research
in finding new compounds that allow fabrication of solution-process devices.* Examples of molecules that
allowed use of wet processes with reasonable results are 47,'% as well as 48 and 49 (Scheme 14) that were
used to obtain phosphorescent OLEDs' or compounds 50'% and 51.2%° This new approach is very
promising for a more cost-effective fabrication of the optoelectonic devices and there is an increasing
number of publications™ that report improvement of the procedure and step-by-step overcome of the
inherent limitations.

3.2.2. Liquid crystals

The importance of the liquid crystals in display technology is evidenced by increasing research and
study of a wide range of molecules that may lead to feasible and resistant devices. To this end, the 1,3,4-
oxadiazole compounds designed to have different types of properties have been synthesized and found to
behave as nematic, rod-like or discotic liquid crystals.***
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For example, the E,E and Z,Z stereoisomers 52 and 53'*? were investigated for the effect of the
configuration on the thermal profile and mesomorphic behaviour, indicating a nematic phase for the trans—
trans and a lack of mesomorphism for the cis—cis stereoisomer. In addition, the V-shaped 1,3,4-oxadiazoles
of type 542 were found to behave as nematic liquid crystals bearing shape persistent structures with well-
defined bending angles. Another recent example displaying a nematic phase is compound 55,*** which also
shows blue luminescence (Scheme 15).

One category of molecules that provided rod-like liquid crystals contains the heterocyclic oxadiazole
as a central core such as compound 56 (Scheme 16), which also exhibits blue fluorescence and high quantum
yields'™® or compounds 57*' that have different liquid crystalline behaviours caused by the particular
molecular structure and the consequent intermolecular interactions. Other categories of the rod-like liquid
crystals include molecules that bear the heterocyclic ring as terminal group™* or contain more than one
heterocyclic rings (compound 58,*" Scheme 16), flexible chains or all-aromatic structures (i.e. compound
59,18 Scheme 16). The luminescent properties of the oxadiazole as well as the high electron mobility led to
studies aiming discovery of new luminescent liquid crystals that may find applications for various kinds of
optical and electronic devices and such compounds have been recently thoroughly reviewed.**
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Discotic liquid crystals have also been reported based on the 1,3,4-oxadiazole core, either as star-
shaped or disk-like molecules. For example, compound 60*%° was found to display a discotic nematic phase
attributed mainly to the arm-to-arm interactions between the long rigid arms, while 61 exhibits mesomorphic
properties with the increase in the number of the alkoxy chains. *2* Other similar star-shaped compounds
have been recently reported*®? bearing also important luminescent properties that were studied in detail. A
bis-oxadiazole of type 58 (Scheme 16), bearing 3,4,5-alcoxy-substituted phenyls made the subject of more
reports**® which showed a behaviour of columnar mesophase, but also that it is able to self-assemble to
nanoparticles and further to helical nanofibers in DMSO or to form a helical fibrous organogel in DMF. The
liquid crystal behaviour was also accompanied by interesting luminescent properties that changed upon the
self-assembly processes.

Examples of liquid crystals based on the 1,3,4-oxadiazole compounds are numerous and polycatenar,
dimer or polymeric compounds are worth mentioning.*** Among recent examples, polymer 62 (Scheme 17)
exhibited a discotic behaviour and a very good photoluminescence profile compared to the monomer.***
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Similar to the electroluminescent devices, the research area of the liquid crystals is continously
developing and the use of the oxadiazole-based compounds for discovery of new materials with improved
properties is open for new accomplishments.
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3.2.3. Sensors for cations and anions, metal-ion complexes and coordination polymers

The presence of the pyridine-like nitrogen atoms of the oxadiazole core imprints at a first sight a
coordinating behaviour of such compounds and prompted studies regarding their use as organic ligands for
metal-ion complexes and coordination polymers. However, the coordinating abilities of the two nitrogen
atoms are not sufficient to provide stable complexes in the absence of other atoms/functional groups and the
ligands found applications mainly as sensors for metal-ions.

For example, compound 63 (Scheme 18) was shown to selectively bind Ag(l) in a stoechiometry
ligand to metal-ion of 1:1 and behave as fluorescence turn-on sensor (Aexc=269 nm and Aen=372 nm) in
aqueous solution.**® In addition, hybrid oxadiazole-BAPTA 64 (Scheme 18) was found to be selective
emission ratiometric probe for detection of intracellular Ca(ll), with a K4=0.56 for the metal-ion complex
(stoichiometry 1:1) and an emission wavelength maximum at Aen=582 nm.*?® A similar compound based on
hybrid-BAPTA moieties was also found to be selective for Cd(Il) with low detection limit in aqueous
solution, useful for Cd(l1) imaging in living cells.**” Compounds 65 and 66 were reported as intramolecular
charge transfer (ICT) probes'?® and found to strongly bind Ca(ll) according to the size cavity, while ligands
67'%° and 68'*° were reported as selective sensor for recognition of Zn?* in water, yielding complexes with
the stoechiometry ligand: metal ion of 1:1 for 67 and 1:2 for 68, respectively and whose fluorescent emission
properties are red-shifted compared to the ligand. Azamacrocycles of type 69™3' were also found to
selectively bind Zn(Il) ions in aqueous medium, even in presence of Cd(ll) and Pb(ll) and behave as
fluorescent ON-OFF sensors. A study regarding the coordination properties of ligands 70" toward Ni(Il),
Cu(ll), Zn(11), Cd(11), Hg(11) and Pb(I1) revealed fluorescence response profiles varying upon the substituent
X with the unsubstituted ligand acting as a fluorescent switch. Recently, oxadiazole 71 was used as ligand
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for Fe(ll) ions to yield dinuclear complexe®® that show spin crossover behaviour with hysteresis upon

cooling.
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In addition, chemosensors for anions were developed based on o-hydroxyphenyl substituted
oxadiazoles and the excited state intramolecular proton transfer (ESIPT) processes that occur in case of such
compounds. Thus, compounds of type 72,%%* 73'%% and 74 (Scheme 19) were reported as selective
colorimetric sensors of fluoride in organic solvents, resulting in a colour shift from colourless to yellow upon
addition of the anion, while compound 75 was found useful for selective detection of hydrogen sulphide

anion.®®’
cl R R 0
COOCH;

o o} o

N \ lil ’\/l
oH NN oH NN po o)

72 73: R=Me; 74: R=Br 7%
O,N

NO,
Scheme 19
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Coordination polymers based on oxadiazole ligands substituted with moieties able to coordinate or to
enforce the coordinating abilities of the pyridine-like nitrogens of the heterocyclic cores have also been
reported.™® Pyridyl isomers are among the most encountered substituents in the structure of the disubstituted
oxadiazoles that yield coordination polymers in which the oxadiazole nitrogen atoms may not be involved or
participate with one or both atoms to the metal centre coordination.**® For examples, the 4-pyridyl-
oxadiazole 76 (Scheme 20) yielded 1D, 2D or 3D coordination polymers with various topologies in presence
of Cu(1),*® Mn(11)/Fe(11)/Co(11),*** Zn(11),**2 Hg(1)** or Ag(l).** The 3-pyridyl moiety (compound 77,
Scheme 20) has also been used to construct coordination polymers with Cd(11) and Zn(ll) ions and benzene
dicarboxylate ligands,**® or with Cu(l1) ions and bipyridine,**¢ while compound 78 (Scheme 20) containing
the 2-pirydyl core was reported to yield complexes of type [Fe"(L)2(NCS)2].**’

Other functional groups such as amino,**® nitrile®*® or the triple bond™®® (compounds of type 79,
Scheme 20) were used for coordination of Ag(l), yielding interesting topologies that were thoroughly
characterised also for the luminescence behaviour. Recent selected examples include coordination polymers

150
d

derived from ligand 80 and Cd(ll) ions,*** which exhibits the anion-responsive photoluminescence, as well
as various iridium complexes of oxadiazole-based compounds, either dinuclear and mononuclear
cyclometalated type'®? or in combination with acetylacetonate™>® and fac-tris(2-phenylpyridine) ligands.***

N N
Op T O Op O
) / o ) e )
Q\« / N S N/ N S o N\
N—N N—N N—-N

76 77 78
R@\( @R
o) / R = 4-NH,, 3-NH,, 2-NH,
= N R = 2-OH \O y
N-N R =4-CN, 3-CN = N-N N
79 R = 4-CCH, 3-CCH \ 80 / _
N N

Scheme 20

3.2.4 Others

Among the emerging applications of the 1,3,4-oxadiazole compounds, their use as hole transporting
molecules in solar cells has recently increasingly attracted. For example, compound 81 (Scheme 21) was
used as hole transporting molecule in CH3NH3PbBr; perovskite solar cells yielding an efficiency slightly
higher than the reference spirobifluorene compound (Spiro-OMeTAD).™ In addition, compounds of type 82
(Scheme 21) were designed*®® as donor-r-acceptor molecules to work as efficient sensitizers in dye-
sensitized solar cells. Study of their properties indicated good photophysical properties and charge transfer
ability upon excitation as well as suitable redox potentials to be further considered as organic sensitizers.

Besides all the aforementioned applications, in seeking highly energetic materials, useful for novel
formulations of propellants and explosives, the nitrogen enriched oxadiazole compounds, seem to meet the
basic requirements of such molecules: high thermal and chemical stability, a low sensitivity to shocks and a
low oxygen balance.” Thus, series of variously nitro-substituted compounds of type 83 (Scheme 22) were
synthesized and the specific parameters calculated. In addition, starting from the earlier reported 84 (Scheme
22) that was found to have a decomposition temperature much higher than that of HNBP (2,2°,4,4’,6,6’-
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hexanitrobiphenyl),**® compound 85 (Scheme 22) was very recently synthesized and showed good

detonation parameters, low sensitivity values and a high decomposition temperature, desirable properties for

thermally stable explosives.™
Me Me Q
5 O, LT
o
e Oy, O
o N-N
|9 @ o

N
N—-N

MeO OMe =
81 R =COOH OOH /
CN S \
NC COOH

Scheme 21
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Scheme 22

4. Conclusions

The field of the 1,3,4-oxadiazole-based compounds has achieved a long transfer from the incipient
studies regarding their synthesis to complex investigations regarding structural particularities and the
consequences over the chemical reactivity and usefulness for a wide range of applications. Nowadays, we
are dealing with numerous synthetic methods that have each their advantages and drawbacks and are suitable
for specific applications. Starting from the early reported harsh dehydrative cyclisations of the N,N'-
diacylhydrazines and cycloaddition of tetrazoles to acid chlorides, we are now able to efficiently construct
the heterocyclic core, by use of mild reagents, through oxidative cyclisations of the convenient N-
acylhydrazones or cross-coupling reactions of the already closed heterocycle with various electrophilic or
nucleophilic reagents, under transition metal catalysis. Thus, a wide range of structures may be available for
applications in different areas.

The biological activity of the 1,3,4-oxadiazole congeners has always been a subject of interest,
evidenced by the commercially available antiviral drug on the market and a potent anticancer drug in the
final phases of the clinical trials. Among the greatest achievements in the area of materials chemistry, one
can note use of the compounds as electron transporting molecules for construction of fluorescent,
phosphorescent or thermally-activated delayed fluorescence OLEDs. The field is under a continuous
development and we expect to further open new ways in the chemistry of the oxadiazoles.

Apart from these two great areas of research, the properties of the oxadiazoles were tuned to allow
preparation of sensors for various cations and anions, useful both for chemical and biochemical systems,
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liquid crystals and coordination polymers, as well as the newly approached fields of solar cells and highly
energetic materials.

We are, therefore, entitled to believe that the chemistry of the 1,3,4-oxadiazoles will continue to bring

great achievements in various fields at the boundaries with biology and physics and to be encouraged that
deeper and unlimited investigations will make this chemistry a pleasant and unforeseeable journey.
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